Walking movements are orchestrated by the activation of a large number of muscles. The 
Introduction

51
Human locomotor movement is organized by the coordinated activation of a large 52 number of muscles. It has been suggested that complex muscle activity is generated from a 53 small number of groups of muscle activations called muscle synergies [1] [2] [3] [4] [5] . Locomotor muscle 54 synergies are thought to be structured in the spinal circuitry [6, 7] . Based on previous studies 55 examining synergy activation among different subject groups, it has been suggested that the 56 cortex activates locomotor muscle synergies [1, 2, 7] . These studies reported that locomotor 57 muscle synergy in healthy adults exhibited activation that was sharply timed around gait events
58
[1], whereas locomotor muscle synergy in neonates [2] and complete spinal cord injury (SCI) 59 patients [7] exhibited smooth prolonged activation. The differences in the patterns in neonates
60
and SCI patients could be caused by immature and injured corticospinal pathways, respectively.
61
Based on these findings, it is thought that cortical descending commands modulate basic 62 locomotor muscle synergy activation generated by subcortical structures, particularly in the 63 spinal cord. However, there is currently no direct evidence of cortico-muscle synergy 64 relationships supported by simultaneous recordings of cortical activity and muscle synergy 65 activation during walking.
66
Unlike quadruped animals [8, 9] , human bipedal walking is characterized by 67 significant cortical activity even during undemanding steady-state walking [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Significant 
68
cortical activation has been demonstrated previously in premotor, supplementary motor, and 69 primary sensorimotor regions during real and imagined walking using neuroimaging techniques 70 such as positron emission tomography (PET) and near-infrared spectroscopy (NIRS) [11, 12] .
71
Recent studies using electroencephalography (EEG), which has greater temporal resolution,
72
have demonstrated gait-phase dependent modulation of cortical activity, particularly in the 73 sensorimotor cortex, using a combined method of independent component analysis and source 74 localization techniques [13] [14] [15] [16] [17] . Other EEG studies have demonstrated significant 75 corticomuscular connectivity between the leg sensorimotor area and leg muscles during walking 76 4 using individual muscle level analysis [18, 19] . Although these studies strongly suggest cortical 77 involvement in muscular control during walking, at what level the cortex controls muscle 78 activity remains unclear, i.e., at muscle synergies or individual muscles.
79
To address the question, we hypothesized that the human cortex controls locomotor 80 muscle activity through muscle synergies, rather than through direct control of each muscle and,
81
then, examined how the cortex is involved in muscle control during walking by decoding the 
85
repairing or assisting deficits in cognitive or sensory-motor functions [20] [21] [22] . In addition to 86 potentially restoring lost functions, neural decoding can provide information on the 87 physiological principles of how motor movements are controlled by the brain [23] .
88
In this study, using neural decoding techniques, we demonstrate that the activation of 89 muscle synergies can be decoded from cortical activity and that the decoding accuracy for 90 muscle synergies is greater than that for individual muscles. Additionally, we show the 91 decoding of individual muscle activity is based on muscle synergy related cortical information.
92
These results provide experimental evidence that the cortex hierarchically controls individual 93 muscles through locomotor muscle synergies. The findings will shed light on the cortex's role 94 in muscular control during walking and provide an important basis for developing effective 95 neuroprostheses for walking rehabilitation.
97
Results
98
Healthy participants walked on a treadmill at 0.55 m/s for 7 min 30 seconds. Surface 
106
Extracted locomotor muscle synergies 107
The recorded EMGs were rectified and smoothed by a low-pass filter. Next, using non-negative 108 matrix factorization (NMF) [2, 3, [24] [25] [26] , muscle synergies were extracted from each participant.
109
From the low-pass filtered EMGs, 4.17 ± 0.58 (mean ± SD) muscle synergies were extracted 110 from each participant. The extracted muscle synergies were grouped into five types using 111 cluster analysis (synergy A-E, Figure 3 ). Supplemental Table S1 summarizes the characteristics 112 of the extracted locomotor muscle synergies.
114
Neural decoding of activation of muscle synergies and individual muscles from 115
EEG signals 116
As preparation for neural decoding, recorded EEG signals were band-pass filtered in 117 the delta bend (0.5-4Hz). The filtered signals, which are called slow cortical potentials, were 118 confirmed to be particularly informative for decoding motor-related parameters [27] [28] [29] [30] [31] [32] . We 119 used multiple linear models, also referred to as Wiener filter, to decode individual muscle and 120 muscle synergy activations from the slow cortical potentials, as used in previous studies 121 decoding motor parameters [27] [28] [29] [30] [31] [32] . t-test, Figure 5B ).
134
Next, to validate the results of neural decoding, the same decoding process was 135 performed on phase-randomized EEG signals to estimate the chance levels. We generated 100 136 surrogate datasets and evaluated the mean and 95% confidence intervals of the decoding 137 accuracy from the distribution of decoding accuracy of the surrogate datasets ( Figure 5C ). The 
143
Relationships between muscle synergy decoders and individual muscle decoders 144
Although the decoding accuracy of muscle synergy activation was similar for all 145 synergy types, the decoding accuracy of individual muscle decoders varied widely across 146 different muscles ( Figure 5A ). In this study, the cortex is assumed to be involved in muscle 147 control through muscle synergies. Based on this assumption, the variability of decoding 
153
decoded from the outputs of decoded muscle synergies (r = 0.97, Figure 6B ). This result
154
indicates that if muscle activation is not well decoded through decoded muscle synergies, the 155 decoding accuracy of the muscle will be low even when it is directly decoded.
156
The decoding accuracy relationships suggest that decoding of individual muscle 157 activation is based on muscle synergy-related cortical information. If so, the weights of the 
170
Contributions of electrodes to neural decoding 171
To evaluate the spatial contributions of cortical activity for predicting muscle synergy 172 activations, we calculated the contribution of each electrode from the weights of the decoding 173 model [33] . Figure 7A shows examples of the contributions of each electrode to the decoding in 174 one participant. In this participant, the contribution of each electrode was approximately 7% at 175 the highest. Thus, widely-distributed cortical activity, rather than activity from one specific 176 electrode and area, contributed to decoding. The widely-distributed contribution of the whole 177 cortex was also observed in the mean contribution in each type of synergy ( Figure 7B ).
8
These results suggest that broad cortical activity is involved in the control of 179 locomotor muscle synergy. To further validate the widely-distributed contribution of cortical 180 activity to the decoding of locomotor muscle synergy, we divided the electrodes into four major 181 regions of interest (ROIs), namely frontal, central, lateral, and parietal ROIs ( Figure 7C ). Next,
182
for each ROI, we performed the same decoding procedure used for all electrodes and compared 183 the decoding accuracies. The comparisons of the decoding accuracy did not show any 184 significant differences among ROIs, except for that between the central and parietal ROIs in 185 synergy E ( Figure 7D ). Nevertheless, the decoding accuracy in the full electrodes was 186 significantly higher than that in each ROI ( Figure 7D, 
193
Discussion
194
Cortical control of locomotor muscle synergy 195
The last 15 years of research has suggested that cortical descending commands modulate basic 196 locomotor muscle synergy activation generated by subcortical structures [1, 2, 7, 25] . 
223
The decoded muscle synergy activation observed here exhibited moderate correlation 
248
Of note, the mean decoding accuracy of the central ROI was highest among all ROIs 249 in all synergy types except one, and significantly higher accuracy was found in the central ROI 250 compared to the parietal ROI in one synergy type ( Figure 7D 
279
Applicability to brain-machine interfaces 280
The decoding methodology and results of this study could contribute to the development of 
291
Methodological considerations 292
Although EEG is a suitable method for examining brain activity during walking because of its 
13
Therefore, the effects of movement artifacts on the current decoding results are not expected to 309 be large.
311
Conclusions 312
We demonstrated that low-frequency cortical waves are informative for the decoding of muscle 313 synergy activity during walking, and that the decoding of individual muscle activity is based on 314 muscle synergy-related cortical information. These results suggest that the cortex hierarchically 
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The influence of individual motor imagery ability on cerebral recruitment during gait 
636
EMG envelopes and muscle synergies were used for the neural decoding analysis.
637
First, the recorded EMG data were high-pass filtered (zero-lag fourth-order
638
Butterworth at 30 Hz), demeaned, full-wave rectified, and smoothed with a low-pass filter
639
(zero-lag fourth-order Butterworth at 4 Hz cutoff) to obtain EMG envelopes [25] . EMG 640 envelopes were resampled at 100 Hz. The amplitude of EMG envelopes for each muscle was 641 31 normalized to the maximum value for that muscle during the walking task. Muscle synergies 642 were extracted from the processed EMG envelopes using non-negative matrix factorization 643 (NMF) [2, 3, [24] [25] [26] . For each participant, muscle synergies were extracted from the EMG 
661
EEG pre-processing 662
In the current study, fluctuations in the amplitude of slow cortical potentials (0.5 -4 Hz in the 663 time domain) were used for the neural decoding analysis (Figure 2 ) based on a similar 664 methodology used in previous studies [27] [28] [29] [30] 32] . EEG data analysis was performed using 665 custom programs in MATLAB incorporating functions of EEGLAB 14.1b [61] . The EEG
